obJect Transection of peripheral nerves produces loss of sensory and/or motor function. After complete nerve cutting, the distal and proximal segment ends retract, but if both ends are bridged with unaltered chitosan, progesteroneimpregnated chitosan, or silicone tubes, an axonal repair process begins. Progesterone promotes nerve repair and has neuroprotective effects thwarting regulation of neuron survival, inflammation, and edema. It also modulates aberrant axonal sprouting and demyelination. The authors compared the efficacy of nerve recovery after implantation of progesterone-loaded chitosan, unaltered chitosan, or silicone tubes after sciatic nerve transection in rats. methods After surgical removal of a 5-mm segment of the proximal sciatic nerve, rats were implanted with progesterone-loaded chitosan, unaltered chitosan, or silicone tubes in the transected nerve for evaluating progesterone and chitosan effects on sciatic nerve repair and ipsilateral hindlimb kinematic function, as well as on gastrocnemius electromyographic responses. In some experiments, tube implantation was performed 90 minutes after nerve transection. results At 90 days after sciatic nerve transection and tube implantation, rats with progesterone-loaded chitosan tubes showed knee angular displacement recovery and better outcomes for step length, velocity of locomotion, and normal hindlimb raising above the ground. In contrast, rats with chitosan-only tubes showed reduced normal raising and pendulum-like hindlimb movements. Aberrant fibers coming from the tibial nerve innervated the gastrocnemius muscle, producing electromyographic responses. Electrical responses in the gastrocnemius muscle produced by sciatic nerve stimulation occurred only when the distal nerve segment was stimulated; they were absent when the proximal or intratubular segment was stimulated. A clear sciatic nerve morphology with some myelinated fiber fascicles appeared in the tube section in rats with progesterone-impregnated chitosan tubes. Some gastrocnemius efferent fibers were partially repaired 90 days after nerve resection. The better outcome in knee angle displacement may be partially attributable to the aberrant neuromuscular synaptic effects, since nerve conduction in the gastrocnemius muscle could be blocked in the progesterone-impregnated chitosan tubes. In addition, in the region of the gap produced by the nerve resection, the number of axons and amount of myelination were reduced in the sciatic nerve implanted with chitosan, progesteroneloaded chitosan, and silicone tubes. At 180 days after sciatic nerve sectioning, the knee kinematic function recovered to a level observed in control rats of a similar age. In rats with progesterone-loaded chitosan tubes, stimulation of the proximal and intratubular sciatic nerve segments produced an electromyographic response. The axon morphology of the proximal and intratubular segments of the sciatic nerve resembled that of the contralateral nontransected nerve. coNclusioNs Progesterone-impregnated chitosan tubes produced aberrant innervation of the gastrocnemius muscle, which allowed partial recovery of gait locomotion and could be adequate for reinnervating synergistic denervated muscles while a parent innervation is reestablished. Hindlimb kinematic parameters differed between younger (those at 90 days) and older (those at 180 days) rats.
T ransecTion of peripheral nerves produces partial or total loss in sensory and/or motor function. After complete nerve transection, the ends of the distal and proximal segments retract. If the ends are sutured or bridged with chitosan tubes, an axonal repair process begins. These tubes can be filled with heparin, fibrin, or fibronectin matrices, 22, 59 bone marrow stromal cells derived from Schwann cells, 1 or Schwann cells, 42 or seeded with mesenchymal stem cells. 30 Natural biocompatible and antimicrobial polymer chitosan tubes 6, 9, 28, 37, 52 surrounded by omentum 61 or filled with poly(lactic-co-glycolic acid) have also been successfully used for repairing sciatic nerve sections. 14, 48 In addition, chitosan has also been used for the delivery of nerve growth factors 13, 14, 26 and hormones. 3, 4, 39, 40, 51 Chitosan tubes impregnated with progesterone have been used for nerve repair, producing partial recovery of muscle function but inducing neuropathic pain and minimal secondary immune adverse reactions. 4, 39 However, progesterone has been shown to have anti-nociceptive and neuroprotective effects on the transected trigeminal nerve 23, 29 as well as to lead to reduced axonal sprouting in mice. 11 A bridge that is composed of a silicone, collagen, or venous tubular prosthesis and joins a proximal nerve segment to a distal nerve segment also facilitates nerve repair. Nevertheless, a bridge can frequently lead to adverse secondary effects such as a poor functional recovery. 5, 43, 60 Silicone tubes provide a good control for comparison to chitosan, because their surface is not porous 57 and because they cannot be impregnated with a medication for achieving further drug release. In contrast, chitosan tubes have successfully been used to release progesterone around nerve stumps 4 and may also diffuse progesterone through the walls of the tubes.
Failure to repair axons innervating limb muscles produces alterations in muscle activity and hindlimb movements. Adequate locomotion depends on the formation of reliable muscle synergy. 17, 18 Thus, the regulation of axon sprouting by progesterone 58 induces aberrant sprouting, 11 which in turn produces muscle synergy, with compensatory muscle activation among extensor, flexor, and bifunctional muscles, and restores hindlimb movements for adequate locomotion. 16, 24 However, in prolonged axotomized neurons a better outcome seems possible when distal and proximal ends are sutured to nearby muscles, which are later bridged with chitosan tubes. 25 Therefore, aberrant innervation could allow for success of subsequent surgery due to the survival of axotomized axons. In addition, progesterone in high doses could block action potential generation and, consequently, nerve conduction. Sodium voltage-dependent currents are inactivated. 27, 31 In this study, we analyzed gastrocnemius muscle electromyography responses produced by sciatic nerve electrical stimulation after implanting progesterone-impregnated chitosan tubes, unaltered chitosan tubes, or silicone tubes in the transected sciatic nerve of the rat. In addition, we analyzed the morphology of the contralateral (control) and ipsilateral sciatic nerve sections. We also evaluated the kinematics of the rat hindlimb before as well as 90 and 180 days after nerve resection and tube implantation to compare the efficacy of nerve recovery in rats who have undergone implantation of progesterone-loaded chitosan, unaltered chitosan, or silicone tubes.
methods animals
The experiments were carried out in 42 adult male Wistar rats (250-450 g), in accordance with the guidelines of the Mexican Official Norm (NOM-062-ZOO-1999) and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (no. 8023, revised in 1996). In addition, the animal protocols were approved by the institutional bioethics committee of the institutional animal care and use committee.
preparation of unaltered chitosan and chitosan progesterone tubes
Tubes were made as described previously. 4 Briefly, chitosan flakes (4 g) (MW = 358 kD, 80.8% degree of acetylation, crab chitin biomedical grade; HaloSource) were suspended in distilled water (200 ml) and stirred for 24 hours. Glacial acetic acid (4 ml) was then added and the solution was stirred for another 24 hours. The transparent viscous solution obtained was vacuum filtered through a sintered Buchner funnel covered with wire mesh at the bottom (medium porosity, 50 mm). This solution was poured into 2 beakers: one was labeled "chitosan" and the other "chitosan progesterone." One hundred milliliters of the chitosan solution was mixed with 100 mg of progesterone (Aldrich) and stirred for another 24 hours. Tubes were made manually according to the following procedure: the chitosan tubes were formed by dipping the intravenous catheters in the proper chitosan solution, followed by immersion in 50% (wt/vol) ammonium hydroxide. The tubes were then rinsed thoroughly with distilled water, and molded intravenous catheters with a polytetrafluoroethylene cover and an outer diameter of 2.10 mm were used. This sequence was repeated 6 times, and then the tubes were dried in an incubator for 24 hours at 45°C. Afterward, the tubes were carefully removed from the intravenous catheter and sterilized with isopropyl alcohol. The tubes were hydrated in sterile saline solution and sectioned (10-mm length) before sciatic nerve repair. The final inner diameter of the tube was 1.5 mm.
preparation of silicone tubes
Silicone tubes with a 1.5-mm inner diameter were sectioned in 10-mm-long pieces (LA-60, Sani-Tech West, Inc.). The tubes were sterilized with propylene oxide and maintained in sterile saline until implantation.
surgical procedure
Forty-two rats were randomly distributed into 7 groups (n = 6 rats per group): control group (intact animals), animals implanted with progesterone-impregnated chitosan tubes (6 each studied at 90 days and 180 days after surgery), animals implanted with chitosan tubes (6 each studied at 90 days and 180 days after surgery), and animals implanted with silicone tubes (6 each studied at 90 days and 180 days after surgery). The animals were kept in a 12:12-hour light-dark cycle, with food and water ad libitum. On the day of the experiment, the rats were anesthetized via an intraperitoneal injection of a ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture. Once the animal was fully anesthetized, the surgical area was shaved with animal clippers and cleaned using an iodine sponge. A 2.5-cm incision was made parallel and just lateral to the femur. The left sciatic nerve was exposed through a dorsal gluteus muscle-splitting incision. The fascia surrounding the nerve was cut away so that the nerve was completely free from constraint and a 5-mm segment of the proximal sciatic nerve was surgically removed using microsurgical scissors. The tube implantation was then performed under the surgical microscope. The proximal and distal nerve stumps were introduced into the tube immediately or 90 minutes after removal of the nerve segment. Each nerve ending was sutured to the outer surface of the tube using 2 epineural sutures (9-0 nonabsorbable/ETHILON suture). The fascia and skin were closed with a running 5-0 absorbable suture. After surgery, the animals were housed in their cages at room temperature. Good laboratory practice was observed. Efficacy of the silicone, chitosan, and progesterone-impregnated chitosan tubes was evaluated 90 days and 180 days after sciatic nerve repair.
Kinematic analysis of gait locomotion
Rat locomotion gait analysis was performed as previously described. 33, 44 Unrestrained gait of both nonoperated and operated animals was recorded by a single commercial digital video camera located on one side of a transparent acrylic passageway. After shaving of the left limb, the knee and ankle (i.e., lateral malleolus) joints were marked with indelible ink. Videotapes were digitized (30 frames/ sec), and the frames were individually captured as digital photographs using a commercial video editing program (Pinnacle Studio version 7, Pinnacle Systems Inc.). Limb movements consisting of 3-4 step cycles were analyzed frame by frame using the Image J program (Scion Corp., NIH). Marker coordinates of each articulation joint ( Fig.  1) were introduced into a computer program for calculating the flexion and extension angles (knee angle displacement is illustrated in Fig. 1B ) and spatial location of each joint articulation. Line drawings were constructed between articulation joints to illustrate the spatiotemporal sequences of hindlimb movements during gait (Fig. 1) . Swing and stance phases of each step cycle were identified as described by Rossignol et al. 41 Swing and stance phase durations were determined for calculating stride length and locomotion velocity. The amplitude of the pendulum-like hindlimb movement was also calculated by tracing an imaginary vertical line from the point of the hip (greater trochanter) to the ground and another line from the hip to the knee for calculating forward and backward hindlimb displacement (Fig. 1A) . Raising of the hindlimb above the ground and returning it to initial position were assessed (Fig. 1A) .
electrophysiological assessment
Electrical responses were evoked in the gastrocnemius muscle by electrical stimulation of the proximal intratubular and distal sciatic nerve segments. Electrical stimulus was delivered using bipolar cuff electrodes 7 in the proximal segment (rostral to the tube). Bipolar cuff electrodes were implanted in the transected nerve, as well as in the contralateral intact nerve, the same day of electromyographic (EMG) recording. The cuff was implanted in ipsiand contralateral nerves at the same anatomical level, and the gastrocnemius EMG responses were recorded close to the parent nerve entry zone. The responses were digitized using an axon analog-to-digital converter and displayed and stored using Axon Axoscope software for Electro- physiology Data Acquisition and Analysis (version 7.0, Molecular Devices LLC). Electrical stimulation of the distal sciatic nerve segment was delivered by bipolar needle electrodes using a branch coming from the tube. In some cases, the electrical stimulus was applied to the nerve segment placed in the tube. The EMG muscle response was recorded by bipolar electrodes placed 5 mm apart. The EMG response and latency produced in the contralateral (intact, no surgery) nerve were taken as control. Presence or absence of responses provoked in gastrocnemius muscles and produced by proximal or intratubular or distal sciatic nerve electrical stimulation were taken as nerve activity of repaired growing axons. Single 0.1-msec shocks and intensity strength 2-4 times the threshold for evoking a discernible muscle response were applied to the intact nerve. Such stimulus parameters were used to stimulate the injured nerve, but they varied from animal to animal.
histological analysis
All rats were killed by an intraperitoneal overdose of sodium pentobarbital (150 mg/kg) 90 or 180 days after surgery, in accordance with the guidelines of our institutional animal care and use committee. Postmortem analysis of the sciatic nerve was performed after euthanasia. The tissue located inside the tubes was removed from all rats in the different treatment groups (silicone, chitosan, and progesterone-impregnated chitosan tube groups). The tissue specimen was fixed in a solution of 3% glutaraldehydeparaformaldehyde in phosphate buffer (pH 7.4, 4°C, for 4 hours). The tissue segments were immersed for 2 hours in a 2% solution of osmium tetroxide (Sigma O-5500), buffered with 0.1 M phosphate (pH 7.4). The tissue was then dehydrated with alcohol and acetone and prepared in a mixture of epoxy resins of various concentrations. Finally, tissue fragments embedded in epoxy resin were placed in rubber molds and polymerized. Prior to resin polymerization, nerve segments were oriented transversely. Glass knives (0.5 mm thick), connected to ultramicrotome (EM UC6, Leica Microsystems Inc.) vibrators, were used for carefully sectioning the tissue after polymerization. The tissue was stained with toluidine blue 0.1% and mounted on cover slips. The slides were analyzed by light microscopy to identify the regenerated tissue (myelinated axons).
statistical analysis
A comparative analysis of stride length, velocity, and duration; knee and ankle joint displacement; and variation in pendulum-like hindlimb movement was performed among control and silicone, chitosan, and progesteroneimpregnated chitosan tube groups using 1-way ANOVA and the Tukey post hoc test for comparing the means. Hindlimb raising and return were also analyzed. The alpha value was set at 0.05. GraphPad Prism software (version 5.0, GraphPad Software) was used for all statistical analysis. Results for locomotion gait analysis are reported as the mean ± SD.
results
Ninety days after nerve transection, progesterone-loaded chitosan tubes induced partial recovery of hindlimb kinematic function in rats with sciatic nerve neurotmesis, as shown in Fig. 2A . Chitosan and silicone tubes rendered poor improvement in the hindlimb movements during gait. In Fig. 2A , the first stick diagram illustrates 3 consecutive steps of an intact control rat walking on the passageway floor, and the second, 3 consecutive steps of a rat with a sectioned sciatic nerve implanted with progesterone-loaded chitosan tubes. It can be observed that the intact animal had a very well-defined gait with clearly differentiated stance and swing phases. In the rat implanted with the progesterone-impregnated chitosan tube, the step cycle maintains many normal characteristics but the swing phase is prolonged. However, chitosan-and silicone tube-implanted rats exhibited clear gait disturbances in hindlimb movements ( Fig. 2A) .
Step length and locomotion velocity decreased in rats that had undergone implantation of progesterone-loaded chitosan, chitosan, and silicone tubes ( Fig. 2B and C) . In all 6 sciatic-transected rats implanted with progesteroneloaded chitosan tubes, step length and locomotion velocity were closer to that in the intact animals, in contrast with the step length and locomotion velocity observed in chitosan tube-implanted and silicone tube-implanted rats. Mean values and standard deviation for step length and locomotion velocity are shown in Table 1 .
Knee and ankle angular Joint movements
Knee and ankle joint angular movements were evaluated in flexion and extension phases of the hindlimb during the locomotion gait of each rat. At 90 days postimplantation, rats implanted with progesterone-loaded chitosan tubes showed better recovery in knee joint angles during unrestricted gait (Table 2) . However, ankle angular movements remained restricted in rats implanted with chitosan or silicone tube. Figure 3A shows the changes in knee joint angular displacement in rats in each group. In all cases, the amplitude of the angular displacement was similar during flexion and extension phases. Both knee and ankle angular displacements were of lesser magnitude in rats implanted with silicone or chitosan tubes than in the rats that received the progesterone-loaded chitosan tubes. At 180 days after the sciatic nerve was transected, rats in all 3 experimental groups recovered knee angular displacement. Figure 3B and C illustrate the knee displacement angle in young (i.e., those at 90 days) and in older (i.e., those at 180 days) control rats. Note a decrease in knee angle displacement in older control rats compared with younger control animals. In these experiments, tubes were implanted immediately after nerve sectioning or after a 90-minute delay, the approximate time for taking a patient to a neurosurgery facility. No statistical difference was found for nerves repaired immediately or after a 90-minute delay (Table 3) .
At 180 days after nerve sectioning, regardless of the implanted tube type, rats exhibited a knee angle displacement similar to that exhibited by older control animals. The only exception was found in the extension and flexion phases, in experimental rats that underwent immediate implantation with chitosan tubes (Fig. 3C) .
Results for pendulum-like hindlimb movement at 90 days after nerve sectioning are shown in Table 2 and Fig.  4 . Leg pendulum-like movements were reduced in injured rats implanted with chitosan, progesterone-loaded chitosan, or silicone tubes (Fig. 4 lower) . Thus, progesteroneloaded chitosan tubes did not help to restore complete limb movements. Injured rats implanted with progesteroneloaded chitosan or silicone tubes were able to raise their hindlimb and return it to the starting position similarly to control animals ( Table 2 ; Fig. 4 upper) . In contrast, rats implanted with chitosan-only tubes had reduced hindlimb raising and return movement (Fig. 4 upper) .
At 180 days after nerve sectioning, regardless of the type of tube implanted in the rat, no statistical differences occurred with regard to ankle displacement, pendulumlike movements, or raising and return hindlimb movements compared with similar kinematic parameters in control animals.
emg responses
Electrical stimulation was performed in the proximal or distal nerve segments of the sciatic nerve once the biceps femoris muscle was separated from the gastrocnemius muscle to avoid electrical crosstalk. The biceps femoris muscle was also removed from the tibial crest to avoid mechanical artifacts caused by contraction. At 90 days after nerve sectioning, EMG responses in the contralateral gastrocnemius muscle provoked by electrical stimulation of the sciatic nerve occurred with a latency of approximately 2 msec (Fig. 5A) , and EMG responses in the ipsilateral proximal segment of the transected nerve occurred with a latency of 3-5 msec (Fig. 5B) . Interestingly, in all rats that underwent tube implantation, the EMG response produced by electrical stimulation of the ipsilateral proximal segment of the sciatic nerve and recorded in the ipsilateral gastrocnemius muscle disappeared after transection of the tibial nerve branches innervating the gastrocnemius muscle (Fig. 5C, third row) . This transected tibial nerve branch was localized outside the tubes. This effect occurred in 18 of 18 rats. Electrical stimulation to the distal sciatic nerve applied closer (approximately 3 mm) to the muscle insertion area in a branch going from the tube to the gastrocnemius muscle produced gastrocnemius EMG responses in all groups of rats that underwent tube implantation (Fig. 5D) . At 180 days after sciatic nerve sectioning, electrical stimulation performed on the ipsilateral sciatic proximal segment evoked gastrocnemius muscle response, even though the tibial nerve was cut. This response occurred in 3 of 6 rats implanted with progesterone-loaded chitosan tubes (Fig. 6C [right trace] ). Electrical stimulation in the intratubular segment produced gastrocnemius muscle responses in all rats studied 180 days after sciatic nerve sectioning (n = 18) ( Tubulization of the sciatic nerve was performed immediately after transection (PI and CHI) or after a 90-minute delay (PD and CHD). Note a reduction in angular displacement of the knee in chitosan- and siliconeimplanted rats after 90 days. Knee flexion and extension, *p < 0.001. In older rats, knee angular displacement was reduced. Note that 180 days after sciatic nerve sectioning, the angular displacement was similar to that in intact control animals. 
histological analysis
Histological analysis of the sciatic nerve was performed in 3 rats from each group. An apparent regenerated nerve connecting both nerve ends of the sectioned sciatic nerve and repaired with different tube types was found. The diameter of regenerated tissue varied in each animal. The progesterone-loaded chitosan and chitosan tubes, although extremely fragile, remained in situ at 90 days and 180 days after implantation. For the purpose of this study, the sciatic nerve was divided into 3 segments. In the proximal segment of tubes in all groups, numerous myelinated axons appeared at 90 days after nerve sectioning and tube implantation.
The morphological structure was best preserved in progesterone-loaded chitosan tubes (Fig. 7A-C) . The inset in Fig. 7A illustrates the structural organization of the intact contralateral sciatic nerve. Well-defined nerve fascicles containing numerous myelinated axons of varying transverse diameters were observed. Myelin fibers with the partially regenerated tissue within the tube were found in the intratubular segment (in situ). Circular or oval forms, exhibiting an intensely stained myelin sheath, were observed in direct relation to the diameter of axons; fascicles delimited by the epineurium and perineurium were observed in the progesterone-impregnated chitosan, chitosan, and silicone tubes. Variable myelin sheath thickness was observed in numerous myelin axons. The number of myelinated axons organized in small fascicles was clearly higher in rats implanted with silicone and progesterone-loaded chitosan tubes ( Fig. 7H and B, respectively) than in rats with sciatic nerves implanted with chitosan tubes (Fig. 7E) . Myelinated axons in the distal nerve segments of progesterone-loaded chitosan tube-implanted rats exhibited higher density and larger size than those observed in the chitosan tube-and silicone tube-implanted rats (Fig. 7C) . The fascicles in the chitosan-implanted rats were smaller than those in rats in the other groups (Fig. 7F) . In the silicone tube-implanted rats, the staining was abnormal and showed no fascicular arrangement, although some myelinated axons (Fig. 7I) were observed. In progesterone-loaded chitosan tube-implanted rats 180 days after sciatic nerve sectioning, the proximal segment had a fascicular arrangement similar to that occurring in the proximal segment of the sectioned nerve after 90 days (compare Figs. 8A and 7A) , and the fascicles were smaller than those at 90 days after nerve sectioning. Fascicular arrangement with large axons involved in diffuse myelin occurred in silicone tube-implanted rats (compare Figs. 8G and 7G ). In rats with progesterone-loaded chitosan tubes, a clear increase in axon density in the in situ segment had occurred after 180 days compared with axon density at 90 days. In the silicone tube-implanted rats, axonal staining was abnormal. A few fascicles contained axons of various sizes, surrounded by connective tissue and pale myelin (compare Figs. 8H and 7H ). In the distal segment, the progesterone-loaded chitosan tube-implanted rats exhibited several fascicles with myelinated axons that varied in form and size. In the chitosan tube-implanted rats, few axons with sparse myelin in small fascicles were observed. In the silicone tube-implanted rats, small axons with sparse myelin in fascicles with poorly defined structure were identified at 180 days that were similar to those observed at 90 days after nerve sectioning (compare Figs. 8I and 7I).
discussion
In this study, chitosan tubes impregnated with progesterone restored knee angle displacement after neurotmesis of the sciatic nerve. However, stride length and velocity of locomotion in the studied hindlimb recovered only partially. Kinematic studies in rats that have undergone sciatic nerve transection followed by repair with chitosan tubes have been previously performed. It is difficult to compare the kinematics with other studies due to the different methodologies. 3, 4, 30, 34, 36, [53] [54] [55] [56] A previous study 4 demonstrated that when a chitosanplus-progesterone tube is implanted in sectioned peripheral facial nerves of rabbits, progesterone allows the anatomical recovery of the nerve morphology. In contrast, Rosales-Cortes et al. 39 found no differences in dog sciatic nerve morphology, even when the nerves were repaired with chitosan alone or chitosan plus progesterone tubes. In our experiments, chitosan-plus-progesterone tubulization helped regrowth and myelination of axons and improved the recovery of knee joint angle movement during gait locomotion analysis. In contrast, chitosan alone altered raising of the hindlimb during unrestrained locomotion. As shown in Fig. 4 , these effects were not evident in rats implanted with progesterone-loaded chitosan or silicone tubes. Perhaps chitosan tubes interfere with proper limb movement. However, the lesser amplitude of the hindlimb arc in rats implanted with plain chitosan tubes compared with those implanted with progesterone-impregnated chitosan tubes cannot be attributed to the tubes and is probably due to aberrant innervation. Rosales-Cortes et al. 39 performed a gross behavioral motor and histological analysis in dogs after injury and repair of the sciatic nerve, whereas in this study we performed a more detailed gait locomotion analysis in rats. Thus, to the best of our knowledge, this is the first study that evaluated functional kinematic and electromyographic responses using silicone, chitosan, or progesterone-loaded chitosan tubes.
Nerve sectioning induces an intense enhancement of reinnervation in muscle fibers. 20, 21, 49 Sectioning of motor nerves has been shown to induce intense reinnervation of muscle fibers. Authors of a previous study 16 reported abnormal EMG patterns during locomotion by aberrant innervations of hindlimb muscles after the sciatic nerve had been sectioned and reconnected with a reverse orientation. The size of motor neuron pools and the morphology of the gastrocnemius, soleus, and tibial anterior muscles were changed by the reoriented reconnection of the sciatic nerve. In the present study, not all EMG patterns of aberrant innervated muscles were studied, but we did find that the normal kinematics of knee movements improved after implantation of progesterone-loaded chitosan tubes. However, ankle joint movements remain partially altered. These observations suggest that aberrant innervation of the biceps femoris muscle seems to contribute to knee movement. Physiological and biochemical muscle properties changed after reinnervation of muscles by nerves that normally innervate other muscle types. 15, 35 Thus, slow muscles innervated by fast nerves or vice versa generate mixed patterns of contractile activity. 10, 12 Our observations indicated that muscle reinnervation through regeneration of collateral tibial nerve branching seems to contribute to restoring knee kinematics. Thus, it could be suggested that the contraction of the biceps femoris and gastrocnemius muscles favored knee flexion activity during gait locomotion in the rats implanted with progesterone-loaded chitosan tubes. The reestablishment of the knee kinematic function in the denervated hindlimb in rats implanted with progesteroneimpregnated chitosan tubes was better than in animals that received silicone or chitosan tubes; this result may indicate that progesterone favored the aberrant nerve innervations of muscles close to the implantation site. In our study, the tubes were placed in a sciatic segment close to the knee. Perhaps other muscles acting in the knee joint could have been aberrantly reinnervated and therefore could also have influenced the recovery of knee joint motion. Given that joint motion is due to the synergistic action of several muscles, 2 aberrant innervation of the gastrocnemius muscle could have contributed to improvement of knee motion in our rats, but recovery of locomotion was likely to be due to synergistic compensation of other muscles.
Progesterone reduces the level of GAP43 mRNA, which is an index of sprouting in a model of experimental autoimmune encephalomyelitis. In previous work, 50 the authors found that axonal sprouting was stimulated by estrogen through upregulation of apolipoprotein E expression, but progesterone inhibited this effect. In contrast, other steroids, such as prednisolone, inhibit aberrant sprouting in the injured rat spinal cord. 19 Perhaps in the present experiments progesterone facilitated the release of trophic factors from nearby Schwann cells. 31, 32, [45] [46] [47] Nerve sectioning plays a fundamental role in aberrant innervation, since it occurred even in animals implanted with silicone tubes. In our study, the synaptic connectivity between the nerve supply to the gastrocnemius muscle and the muscle itself seemed to be functional. Electrical stimulation of the distal nerve stump coming out of the tubes provoked an EMG response. This finding implies that some of the newly generated fibers reinnervated the gastrocnemius muscle. In our experiments, a blockage of nerve conduction seemed to occur in the tubes. When the nerve was stimulated in the proximal or in the intratubular nerve segment, no EMG responses were produced 90 days after sciatic nerve sectioning. Progesterone could change ion influx by blocking voltage-gated calcium channels 32 and also voltage-gated potassium channels and sodium channels in rat striatal neurons. 27 Our data could also indicate a possible reduction in the flow of sodium across the membranes of the remyelinated fibers, due to a large progesterone concentration in the tube, which consequently induced a blocking effect on action potential propagation. 38 Nerve regeneration was deficient in chitosan tubes, as well as in silicone tubes; perhaps very few axons were well myelinated. In implanted rats the inner diameter of chitosan tubes was reduced by dehydration, an effect that produced some nerve compression, thus impeding reliable nerve regeneration. This effect was overcome in progesterone-loaded chitosan tubes through the neuroprotective effects of progesterone. 23, 38 At 180 days after nerve sectioning and repair with progesterone-impregnated tubes, the progesterone concentration in tubes could be reduced, since electrical stimulation of the proximal and intratubular sciatic nerve segments evoked gastrocnemius muscle responses. In addition, in chitosan tube-or silicone tubeimplanted rats, sciatic nerve remyelination also occurred, since intratubular nerve electrical stimulation evoked gastrocnemius muscle responses. At 90 days after nerve resection, ankle joint angular displacement did not recover after nerve repair tubulization. This observation suggests that a longer period of time is needed for nerve recovery and for establishing functional synaptic interactions with the distal musculature. At 180 days after nerve sectioning, the knee angular displacement was similar to that in control animals. Control animals are then approximately 210 days old, and a natural reduction in knee angle displacement occurs.
In a previous study, 8 chitosan was resorbed after 6 months, which does not coincide with our current observations at 180 days in chitosan tube-implanted rats. The degree of acetylation and the chitosan wall thickness used in our experiments differed from the chitosan beds used in previous studies. 4, 8, 25, 36, 57, 59 At 180 days, regardless of the implanted tube type, the rats exhibited a knee angle displacement that was similar to that of control animals of the same age. No statistically significant differences occurred between control and 180-day implanted rats with respect to any of the kinematic parameters analyzed, including ankle displacement, pendulum movement, or raising and return. Natural changes associated with aging in the control rats and an increase in the number of regrown and myelinated axons after tubulization could explain the absence of differences among control rats and rats that have undergone repair of the sciatic nerve.
conclusions
Progesterone-impregnated chitosan tubes produced aberrant innervation of the gastrocnemius muscle and allowed a partial recovery of gait locomotion parameters similar to those in intact controls. Electrical activity of nerves producing aberrant innervation could be used for stimulating denervated synergistic muscles to preserve muscle activity and partial function.
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